The development of clean energy has been paid more and more attention. The installed capacity of wind turbine is increasing, but wind turbine is prone to be affected by grid deformation as the stator of wind turbine is connected directly with power grid, and the power grid of wind farm is at the end of the whole grid, and its connection is weak. In order to reduce the influence of grid distortion on wind turbine, harmonic current suppression test was carried out on the doubly-fed wind power integration platform built based on the mathematical model of the wind power system using stator current harmonic control, and it was compared with the traditional current control method. No matter the rotational speed of the motor was subsynchronous or supersynchronous, the proposed method always had better performance in controlling harmonic current. Six times of pulse frequency of the electromagnetic torque could be effectively suppressed when the control strategy was switched from the traditional control method to the method which was put forward by this study under supersynchronous rotational speed. In conclusion, the method proposed in this paper can effectively suppress the influence of the harmonic voltage generated by the grid distortion on current in grid and improve the operation stability of doubly-fed wind motor.
INTRODUCTION
Energy plays an important role in modern economic development. However, coal is still the most important non-renewable resource in China, and renewable energy only occupies a small part, which is extremely unfavorable to sustainable development [1] . With the emergence of the concept of energy saving and emission reduction, development of various renewable energy has been proposed, such as the development and utilization of wind resources. As a widely distributed and renewable clean energy, wind power generation has made tremendous progress with the support of the government, and the cumulative installed capacity has increased year by year [2] . However, most wind farms are built in remote and open areas, i.e., at the end of the overall structure of the grid. Because of the weak network structure, it is difficult to withstand the impact of excessive changes when connected to the grid, and fluctuations may affect the safety of the whole grid [3] .
To solve those problems, grid-connected control is more important than improvement of hardware performance of electric motor. Yu et al. [4] put forward resonant sliding mode control in the static reference coordinate of stator which realized the control target of sinusoidal output currents or stable stator output active/reactive power and improved the quality of doubly fed induction generator output power under unbalance and harmonics grid voltage conditions. Ratna et al. [5] analyzed sub-synchronous resonance due to series compensated transmission line which is connected to doubly fed induction generator (DFIG) and mitigating the subsynchronous resonance by improving the rotor side converter (RSC) and grid side converter (GSC) simple and easy to implement control technique of doubly fed induction generator. The testing of modelling of the system on Matlab suggested that the control technique was effective. Ji et al. [6] put forward a voltage control strategy for stand-alone operation brushless double-fed induction generators in variable speed constant frequency wind power system. The proposed direct flux control strategy employs a nonlinear reduced-order generalized integratorbased resonant sliding-mode control approach to directly calculate and regulate the output value of converter which the control winding stator requires so as to eliminate its instantaneous errors, without involving any synchronous rotating coordinate transformations. Moreover the feasibility and effectiveness of the scheme was verified through experiments, and favourable steady and transient performance was achieved. In this study, harmonic current suppression experiment was carried out using stator current harmonic control on the experiment platform of doubly-fed wind power grid which was built according to the mathematical model of wind power system. It was compared with the traditional current control strategy to suggest the advantages of the proposed method.
DOUBLY-FED WIND TURBINES
As shown in Fig. 1 , a wind turbine is composed of wind wheel, gear case, doubly-fed induction generator, Pulse-Width Modulation (PWM) rectification inverter and control device [7] . Doubly-fed induction generator is similar to asynchronous induction motor, the stator is the three-phase distributed winding, and the rotor is also the three-phase distributed winding, which is different from general alternating-current generator. When the doubly-fed wind turbine is working, the wind wheel is driven to rotate by wind, then the rotor of the doubly-fed induction generator is driven through the speed change of the gear case, the alternating current generates under the effect of the coil which is wrapped around the stator and adjusted through rectification inverter, and finally the current is connected to the public supply system. According to the principle that the magnetic field generated by the rotor and stator winding current of the asynchronous machine is relative static, the relationship between rotational speed and winding current [8] is: 1 2 60
where F 1 refers to the winding current frequency of stator, F 2 refers to the winding current frequency of rotor, r refers to the rotational speed of motor, and a refers to pair of poles of motor. The stator current frequency and connected power frequency can be consistent to realize gridconnected control of wind turbines as long as the current frequency of the rotor is adjusted.
The model structure of doubly-fed wind turbines
HARMONIC RESONANCE GRID-CONNECTED CONTROL TECHNIQUE
In doubly-fed wind turbine system, harmonics with limited amplitude will be generated during operation as the total power is large, the reactance of motor and grid-side converter is small, and the switching frequency of converter is small [9] . Harmonic waves with limited amplitude will not produce large influence on electric field when wind turbine does off-grid operation, but will produce harmonic resonance if grid deforms after grid connection; as a result, the current which is transmitted from grid to wind turbine will include harmonics with a large amplitude, which will finally affect the operation environment of the whole power system.
To inhibit the harmonic wave on the operation environment of grid, stator current harmonics was inhibited using resonant controller in wind power converter. The control structure [10] is shown in Fig. 2 . In Fig. 2 , the structure in the dashed box is a resonant controller, which is different from the traditional control structure. The transfer function of resonant controller [11] is:
where H r refers to controller's gain for harmonic resonance frequency, ω 0 refers to the resonant frequency of harmonic, and ω c refers to the open loop cut-off frequency when H r = 1. The gain attenuates fast when resonant controller is at a non-resonant frequency, suggesting an obvious frequencyselection characteristic. It can be seen from Fig. 2 that the voltage command of rotor converter was in a correlation with output of PI controller, output of resonant controller and current decoupling term of rotor, and its expression [12] To inhibit the 5 th and 7 th harmonic current as far as possible, the execution frequency of resonant controller [13] in dq synchronous rotating coordinate system ω 0 should be equal to 6ω s .
Figure 3 The frequency characteristics of resonant controller
The Bode diagram of resonant controller when H r = 20, ω c = 5 rad/s and ω 0 = 1785 rad/s [14] is shown in Fig. 3 . It could be seen from Fig. 3 that the control gain of resonant controller was the largest when the frequency of resonant controller was at +300 Hz and −300 Hz, and the positive sequence 7 th and 5 th harmonic frequency in the dq synchronous rotating coordinate system exactly corresponded to the two frequencies with the largest control gain, which indicated that harmonic controller had favourable frequency selection performance and had a good control effect for harmonics with integral multiple of frequency.
EXPERIMENTAL ANALYSIS 4.1 Experimental Structure
The schematic diagram of circuit structure in this experiment [15] is shown in Fig. 4 . The whole experimental system is composed of driver frequency converter, driver motor, doubly-fed motor, doubly-fed converter, control circuit and computer used for monitoring. Driver motor and driver frequency converter are used for simulating the wind turbine in wind power generation, i.e., the rotational speed of normally operated doubly-fed motor. Rotor side converter and grid side converter constitute doubly-fed converter. Two converters and their control circuits are independent from each other, only connected via direct current bus capacitance. Both control circuits include AD signal sampling device, driver circuit, Digital Signal Processor (DSP) and harmonic control algorithm. DSP coordinate with each other via Controller Area Network (CAN) communication and include respective resonant control algorithm. DSP of rotor-side converter interacts with computer to convey control command and operation state. 
Experimental Parameters
Relevant parameters of the experimental structure are shown in Tab. 1. The rated capacity of the doubly-fed generator was 30 kW, the rated working frequency was 50 Hz, the maximum working voltage was 380 V, and the synchronous speed was 1600 r/min. The rated capacity of the converter was 10 kW, the switching frequency was 1.5 kHz, and the sampling frequency was 3.5 kHz. The direct current bus capacitance was 1500 μF. The induction of the grid side converter alternating current was 15 mH, resonant controller Kr was 25. The open-loop cut-off frequency ω c was 10 r/s. 
where f cr stands for the open-loop cross-over frequency of PI controller, 300 Hz here, σ stands for the magnetic leakage factor of the doubly-fed generator, 0.043 here, L r stands for the rotor inductance of the doubly-fed generator, 1.7475 pu here, and R r stands for the rotor resistance of the doubly-fed generator, 0.012 pu here. After the parameters of the doubly-fed generator were substituted, K p = 0.35 and K i = 35 were obtained.
Experimental Operation
The rotor speed was set as 1100 r/min (subsynchronous), and the output power was 9 kW. Grid voltage U ab , stator current I sa , rotor current I ra and output signal of d axis of harmonic controller U rd when the proposed control method was used was measured using a power analyzer. Then the output signal of the traditional current control method was measured.
The rotor speed was set as 2000 r/min (hypersynchronous), and the output power was 22 kW. Grid voltage U ab , stator current I sa , rotor current I ra and output signal of d axis of harmonic controller U rd when the proposed control method was used were measured using a power analyzer. Then the output signal of the traditional current control method was measured.
The rotor speed was set as 1100 r/min (subsynchronous), and the output power was 9 kW. Grid voltage U ab , stator current I sa , rotor current I ra and output signal of d axis of harmonic controller U rd when the traditional current control method was used were measured using a power analyzer. Then the output signal of the traditional current control method was measured. Then the control strategy was turned into the control strategy, and the output signal was measured again.
Experimental Results
Case-1: Steady-state performance of the two methods under subsynchronous speed. Fig. 5 shows four output signals of the traditional current control strategy under subsynchronous speed of rotor during grid connection. Fig. 6 shows four output signals of the method proposed in this study under subsynchronous speed of rotor during grid connection. The comparison of Fig. 5 and 6 suggested that the traditional current control strategy was difficult to inhibit harmonic current produced by harmonic voltage, and the stator current waveform was more stable under the control of the proposed control strategy, which indicated that the proposed control strategy had favourable suppression effect on harmonic current. Technical Gazette 26, 5(2019), 1499-1504 Case-2: Steady-state performance of the two strategies under supersynchronous speed of rotor Fig. 5 shows four output signals of the traditional current control strategy under supersynchronous speed of rotor during grid connection. Fig. 6 shows four output signals of the method proposed in this study under supersynchronous speed of rotor during grid connection.
The comparison of Fig. 7 and 8 suggested that the traditional current control stategy was difficult to inhibit harmonic current produced by harmonic voltage, and the stator current waveform was more stable under the control of the proposed control strategy, which indicated that the proposed control strategy had favourable suppression effect on harmonic current. As shown in Tab. 2, the 5 th and 7 th harmonic stator current were 13.5% and 3.5% respectively under subsynchronous speed when the traditional control strategy was used and decreased to 2.5% and 1.1% when the stator harmonic current control strategy was used; the stator current decreased from 14.1% to 5.1%; moreover the 5 th and 7 th harmonic voltage of grid was 1.5% and 0.6% respectively, indicating no changes. Under supersynchronous speed, the 5 th and 7 th harmonic stator current were 3.9% and 4.4% respectively and decreased to 0.8% and 1.1% respectively when the stator harmonic current control strategy was used, the stator current decreased from 6.3% to 2.5% respectively, and the 5 th and 7 th harmonic voltage of grid were 1.5% and 0.6% respectively, indicating no changes.
Case-3: Transient response under supersynchronous speed when the traditional current control strategy is switched to the stator current harmonic control strategy The transient response of doubly-fed motor when the traditional current control strategy was switched to the stator current harmonic control strategy is shown in Fig. 9 . The transition time for transition was 20 ms. Four signal curves in the figure were stator current, rotor current, electromagnetic torque and output of d axis of harmonic controller. It could be seen from the figure that 6 th pulse of the electromagnetic torque was significantly inhibited after switching, indicating that the control method could effectively inhibit the influence of grid harmonic voltage on electromagnetic torque.
CONCLUSION
In this study, harmonic current suppression experiment was carried out on the double-fed wind power gridconnected experimental platform built based on the mathematical model of wind power system using the stator current harmonic control method, and moreover the control strategy was compared with the traditional current control strategy. The results are as follows. When the rotor was subsynchronous and the stator output power is 9 kW, the 5 th and 7 th harmonic currents decreased 11% and 2.4% respectively under the stator current harmonic control, the stator current decreased 9%, and the grid harmonic voltages were unchanged (1.5% and 0.6%). When the rotor was supersynchronous and the stator output power was 22 kW, the 5 th and 7 th harmonic currents decreased 3.1% and 3.3% respectively under the stator current harmonic controller, the stator current decreased 3.8%, and the grid harmonic voltage was unchanged (1.5% and 0.6%). When the rotor was supersynchronous, the stator output power was 22 kW, and the grid-connected control strategy was switched from the traditional current control method to the stator current harmonic control method, the 6 th pulse of electromagnetic torque was significantly suppressed.
